The use of carbon isotope abundance (d 13 C) to assess plant carbon acquisition and water use has significant potential for use in crop management and plant improvement programs. Utilizing Phaseolus vulgaris L. as a model system, this study demonstrates the occurrence and sensitivity of carbon isotope fractionation during the onset of abiotic stresses between leaf and phloem carbon pools. In addition to gas exchange data, compound-specific measures of carbon isotope abundance and concentrations of soluble components of phloem sap were compared with major carbohydrate and sugar alcohol pools in leaf tissue. Differences in both d 13 C and concentration of metabolites were found in leaf and phloem tissues, the magnitude of which responded to changing environmental conditions. These changes have inplications for the modeling of leaf-level gas exchange based upon d 13 C natural abundance. Estimates of d 13 C of low molecular weight carbohydrates and polyols increased the precision of predictions of water use efficiency compared with those based on bulk soluble carbon. The use of this technique requires consideration of the dynamics of the d 13 C pool under investigation. Understanding the dynamics of changes in d 13 C during movement and incorporation into heterotrophic tissues is vital for the continued development of tools that provide information on plant physiological performance relating to water use.
The use of carbon isotope abundance (d 13 C) to assess plant carbon acquisition and water use has significant potential for use in crop management and plant improvement programs. Utilizing Phaseolus vulgaris L. as a model system, this study demonstrates the occurrence and sensitivity of carbon isotope fractionation during the onset of abiotic stresses between leaf and phloem carbon pools. In addition to gas exchange data, compound-specific measures of carbon isotope abundance and concentrations of soluble components of phloem sap were compared with major carbohydrate and sugar alcohol pools in leaf tissue. Differences in both d 13 C and concentration of metabolites were found in leaf and phloem tissues, the magnitude of which responded to changing environmental conditions. These changes have inplications for the modeling of leaf-level gas exchange based upon d 13 C natural abundance. Estimates of d 13 C of low molecular weight carbohydrates and polyols increased the precision of predictions of water use efficiency compared with those based on bulk soluble carbon. The use of this technique requires consideration of the dynamics of the d 13 C pool under investigation. Understanding the dynamics of changes in d 13 C during movement and incorporation into heterotrophic tissues is vital for the continued development of tools that provide information on plant physiological performance relating to water use.
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Abbreviations: A, net carbon assimilation rate (photosynthetic rate); a, the isotopic fractionation of CO 2 by diffusion through the stomata; b, isotopic fractionation caused by carboxylating enzymes RuBisCO and PEPC; b 0 , effective fractionation caused by carboxylating enzymes RuBisCO and PEPC; C a , CO 2 concentration outside the leaf; C i , CO 2 concentration in the substomatal cavities; c e , CO 2 mole fraction at the inlet of the gas exchange cuvette; c o , CO 2 mole fraction at the outlet of the gas exchange cuvette; d, post-photosynthetic fractionation; d air , measured isotope abundance of the atmosphere; d plant , measured isotope abundance of target metabolites from leaf and phloem;
Introduction
The abundance of carbon isotopes in plant tissues relative to their abundance in the atmosphere provides important information on biophysical and environmental processes that influence plant water use efficiency (WUE). Recent developments in mass spectrometry have allowed for the distribution of isotopes to be analyzed at a compound-specific and positional level (e.g. Hobbie and Werner 2004 , Krull et al. 2006 , Merchant et al. 2011 . These refinements in technique provide additional precision in the measurement of isotope distributions and may enable the detailed dissection of fractionation processes amongst both autotrophic and heterotrophic tissues. Such capacity may address recognized discrepancies between measured gas exchange and modeled WUE (Seibt et al. 2008 ) that can be attributed to biochemical effects post-carboxylation and to the various fractionations of carbon isotopes during incorporation into plant tissues (Bowling et al. 2008 , Cernusak et al. 2009 ).
Correlations between carbon isotope abundance and WUE undoubtedly reflect a range of biological and environmental factors during plant growth. The use of phloem sap as a recently fixed pool of carbon has attained renewed recognition as an integration of short-term spatial and temporal variation in plant growth conditions (Merchant et al. 2011) . Among many plants, phloem sap contains a high proportion of recently assimilated carbon, fixed within a short period of time (Pate et al. 1998 , Keitel et al. 2003 , and does not include compounds involved in background plant metabolism (see Merchant et al. 2012) . These properties, combined with the movement of carbon into the phloem and subsequent mixing during transport, suggest that phloem contents may be a more integrative reflection of whole plant water status to short-term environmental change (see Merchant 2012) .
Transport of carbon into the phloem and subsequent distribution to other heterotrophic tissues incorporate a number of steps under metabolic, diffusional and enzymatic control (Turgeon and Wolf 2009, Merchant et al. 2010) . While postphotosynthetic fractionation appears to influence d 13 C obtained from heterotrophic tissues (Bowling et al. 2008) , little is known about its significance and sensitivity to changes in environmental conditions. A limited consideration of fractionation in heterotrophic tissues (Bowling et al. 2008 , Cernusak et al. 2009 ) might impair predictions of WUE obtained from the stable carbon isotope abundance of these tissues. The potential for fractionation of isotopes in postphotosynthetic reactions warrants further investigation, as it is a major limitation to the use of d 13 C of phloem tissue as a predictor of WUE.
Utilizing Phaseolus vulgaris L. as a model system, this study aimed at investigating the occurrence and extent of carbon isotope fractionation between leaf and phloem carbon pools on a compound-specific basis and assessing the magnitude of changes for predictions of WUE. By manipulating fractionation processes primarily through changes in stomatal aperture using water deficit, temperature and light, we address the following hypotheses: (i) d
13
C of the transported soluble carbohydrate and sugar alcohol pools in P. vulgaris phloem sap consistently differ, and changes in phloem sap composition of these pools significantly influence predictions of WUE; (ii) heterotrophic enrichment of d 13 C from leaf to phloem will be observed at a compound-specific basis; and (iii) the contribution of different solute d
C to overall d 13 C of the leaf and phloem sap will have implications for predictions of WUE.
Results
The time course of leaf gas exchange (Fig. 1) shows reductions in leaf photosynthesis (A) in response to treatments compared with control plants (Fig. 1A) . Corresponding reductions in stomatal conductance (g s ) were observed, with approximately half the rate of g s consistently observed across the light period for all treatments relative to the control (Fig. 1B) . Patterns in c i /c a across the light period were less delineated by treatment, with average values between 0.4 and 0.7 (Fig. 1C) .
Measured growth conditions were consistent throughout the treatment, with light period air temperature on the measurement days maintained at 24.9 ± 0.2 C and relative humidity 71 ± 5.7%. Night-time temperature was maintained at 16.1 ± 0.1 C and relative humidity 76 ± 6.3%. Measured ambient CO 2 concentrations during gas exchange measurements varied between 420 and 450 p.p.m. with no discernible trend throughout the day. Pre-dawn leaf water potential confirmed the influence of our water deficit treatments with well-watered plants at 25 C exhibiting less negative water potentials (À0.22 ± 0.03 MPa), than water-deficit-treated plants at 25 C (À0.78 ± 0.08 MPa).
Intermolecular patterns in d
13 C among leaf and phloem metabolites
The compounds sucrose, glucose, fructose and myo-inositol were found in the highest concentrations in the soluble fraction of the leaf material and hence were targeted for subsequent C under treatment conditions compared with control plants for all metabolites except myo-inositol (Fig. 2) . Myo-inositol isolated from leaves was also more depleted in 13 C than other metabolites (Fig. 2) . d varied between metabolites found within the phloem. The sugar alcohol myo-inositol was more depleted in 13 C compared with sucrose and glucose in the phloem.
Concentrations of leaf and phloem metabolites
Concentration of metabolites varied between treatments whilst also varying between leaf tissue and phloem (Fig. 3) . The concentrations of each reported metabolite in the leaf material of plants treated with water deficit and elevated temperature were consistently lower (Fig. 3) . In phloem sap, glucose concentration exceeded sucrose concentrations by a factor of up to 15, reaching a concentration of >300 mM in plants treated with water deficit and elevated temperature. Corresponding myo-inositol concentrations were consistently below 20 mM for all treatments. For leaves, concentrations of the major metabolites were highly variable, but were consistently lower in both the water deficit and water deficit plus elevated temperature treatments relative to control. In contrast, concentrations of metabolites in the water deficit, elevated temperature and light treatment were similar to control values.
Changes in compound-specific d
13
C values from leaf to phloem sap Carbon concentration-weighted changes in d 13 C from leaf to phloem were observed for all metabolites and were sensitive to treatment (Fig. 4) . Metabolites from control plants were more depleted in 13 C in leaf tissue than in phloem, leading to a negative differential value (Fig. 5) . In contrast, metabolites obtained from plants treated with water deficit, elevated temperature and elevated light were more enriched in 13 C in leaf tissues than in phloem, leading to a positive differential value (Fig. 5) . For individual metabolites measured in this study, the contribution of d 13 C obtained from the glucose pool in the phloem has the greatest influence over concentration-weighted values owing to its high concentration in phloem sap (Fig. 3) . Sucrose (Fig.  6A) , glucose ( Fig. 6B ) and myo-inositol (Fig. 6C) contained in both the leaf and phloem significantly differed in d 13 C, despite some deviation in treatments, particularly that of glucose.
Predictions of water use efficiency
WUE predictions using the full carbon isotope model for photosynthesis are approximately 150% higher than measurements of instantaneous A/g s (Fig. 7A) . Predictions based on concentration-weighted d
13 C values of leaf ( Fig. 7B ) and phloem ( Fig. 7C ) metabolites are relatively similar although still higher than measured A/g s . All WUE predictions are not clearly delineated by treatment effects .
Individual metabolites found in the leaf predicted WUE within a similar range (Fig. 8) , with the exception of myoinositol ( Fig. 8D ) which has an overall lower WUE prediction and sits closer to the 1 : 1 line than other metabolites, such as sucrose ( Phloem metabolites (Fig. 9 ) produced predictions of WUE within the same range as one another and the leaf metabolites ( Fig. 9 ). All phloem metabolites follow a similar trend to that of leaf metabolites, with increasing predictions of WUE with greater flux-weighted A/g s .
Discussion
We found significant differences between treatments in the concentration and d
13
C of metabolites in leaf and phloem tissues at a compound-specific level (Figs. 2, 3) . We further observed differences in d 13 C of metabolites between leaf and phloem tissues, and these differences appear sensitive to changes in environmental conditions (Fig. 5) . Consequently, changes of pool sizes of both leaf and phloem metabolites coupled with differences in compound-specific d 13 C were found to influence significantly predictions of WUE based on isotopes.
Patterns among leaf and phloem metabolites
Differences in d 13 C were detected among metabolite pools in both leaf tissue and phloem sap of a significant magnitude compared with previous studies (Bowling et al. 2008 , Merchant et al. 2010 . Differences among metabolite pools ( Fig. 2) were far larger than those among treatments, with myo-inositol being depleted in 13 C by up to 6% compared with sucrose and glucose pools. Previous studies using carbon isotope abundances to predict leaf-level processes such as WUE have used either leaf solid material (Cernusak et al. 2006) , extracted soluble components (Merchant et al. 2011) or purified carbohydrates (Merchant et al. 2006) , with an expected corresponding improvement in the predictive capacity over shortterm gas exchange by focusing on the pool of photoassimilates fixed under the prevailing conditions. The more recent development of a capacity to measure isotope distributions among compound-specific pools has increased precision over the target analyte thus bridging the gap between current modeling approaches to fractionation that encompass carboxylation and respiratory reactions with that of the measured d 13 C pool. (Merchant et al. 2011 ). Our results, at least under the conditions experienced in this study, suggest that considering d
13 C values at the compound-specific level adds complexity to relationships between isotope abundance and gas exchange measures due to fractionation during biochemical processes.
The results suggest that the soluble carbon component of the leaf and phloem material, if considered as a uniform pool of carbon, may be most informative without the necessity for identification of compound-specific patterns in d 13 C. Despite concentrations of metabolites in the leaf and phloem tissues being within the scope obtained in previous studies from leaf and phloem material (Merchant et al. 2011) , a large pool of glucose was present in the phloem sap with a concentration up to 15 times larger than the sucrose pool (Fig 3) . It is unlikely that these measures reflect phloem sap ) and phloem (mM) metabolites sucrose, glucose, fructose and myo-inositol found in P. vulgaris subject to different treatments: well watered and ambient air temperature of 25 C (white bars), water deficit and air temperature of 25 C (light gray bars), water deficit and air temperature of 32 C (dark gray bars) and water deficit, elevated light and air temperature of 32 C (black bars). Error bars represent the SEM (n = 8). Means of the same metabolite with the same letter are not significantly different at the 0.05 level of probability. Absence of letters signifies no significant difference amongst those metabolites.
Fig. 4 Heterotrophic fractionation (leaf d
13 C -phloem d 13 C) concentration weighted for metabolites sucrose, glucose and myo-inositol found in P. vulgaris subject to different treatments: well watered and ambient air temperature of 25 C (Control), water deficit and air temperature of 25 C (WD), water deficit and air temperature of 32 C (WD 32) and water deficit, elevated light and air temperature of 32 C (WD HL). Error bars represent the SEM (n = 8). Means of the same metabolite with the same letter are not significantly different at the 0.05 level of probability. concentration as contamination probably occurs during extraction. However, our results illustrate that the d 13 C values of sucrose and glucose in the phloem sap were closely aligned and varied with treatment, suggesting that the origin of the carbon is from the transported carbohydrate pool. Previous studies have shown that carbohydrates in the phloem are transported in the form of non-reducing sugars to avoid cellular damage (Raven 1991) and that sucrose tends to be the major constituent of phloem sap (Dinant et al. 2010) . Following this, Leavitt and Long (1982) have since suggested that the dominant and perhaps sole sugar transported in P. vulgaris is sucrose. The notion that sucrose is the sole metabolite for carbon transport in P. vulgaris is questionable considering the number of studies that have found hexoses (van Bel and Hess 2008) ) and sugar alcohols in the phloem stream in this and other plant species (Lalonde et al. 2003 , Turgeon and Wolf 2009 , Dinant et al. 2010 . For the present study, the considerable concentration of glucose in phloem sap suggests that it is most likely a product of metabolism from the breakdown of sucrose (see Leavitt and Long 1982) although no corresponding fructose was detected in the phloem sap to substantiate this.
In leaf and phloem tissues, treatment had an effect on the metabolite concentration and carbon isotope abundance at the compound-specific level (Fig. 5) . For all measured carbohydrates (i.e. excluding the sugar alcohol myo-inositol), the wellwatered (control) plants were found to be more depleted in 13 C compared with treatments, whilst myo-inositol was depleted by a further 2-3% consistently in all treatments. Devaux et al. (2009) also found depletion of 2-3% in the pool of phloem sap and suggested that this was typical of sugar alcohols when compared with sugars such as sucrose and glucose. In this study, depletion is most probably a result of depleted C contributed through the differing biochemical steps in the synthesis of sugar alcohols compared with carbohydrates found within leaf and phloem tissues (Popp et al. 1997, Wanek and Richter 1997) . In contrast, changes in the concentration of metabolites did not have any well-defined relationship with treatments. Although changes in concentration were evident between treatments in all metabolites in both leaf and phloem tissues, no pattern of increased concentration with a particular treatment was obvious for the metabolites present in either tissue.
13
C values from leaf to phloem sap Changes in isotope abundance in soluble carbon pools between leaf and phloem sap have important implications for the use of phloem sap harvesting and d
C determination for predictions of gas exchange (e.g. Merchant et al. 2010) . Several points in the movement of carbon from leaf to phloem may impart fractionation on carbon isotopes, some of which may depend on the loading mechanism employed to move carbon from the leaf mesophyll to the sieve tubes against a concentration gradient (see Turgeon 2010) .
Demand for specific metabolites in sink tissues may impart a change in 13 C abundance in the remaining soluble pool. In this study, variation in 13 C abundance from leaf to phloem between the sugar alcohol myo-inositol, and sucrose and glucose was detected. The opposing trend of changes in d
C from leaf to phloem between sucrose, glucose and, to a lesser extent, myoinositol is likely to be a consequence of either metabolic fractionation by processes such as respiration (see Tcherkez et al. 2004) or selective loading of metabolite pools into the phloem stream.
Carbon contained in phloem sap is often enriched in Cernusak et al. 2009 , Merchant et al. 2010 . Whilst enzymatic fractionation of carbon isotope abundance is unlikely (Tcherkez et al. 2011) , apoplastic or symplastic loading may affect the 13 C abundance in phloem sap via the selective nature of protein loading an already enriched pool of photoassimilates from primary metabolism (Merchant et al. 2010 ). While Badeck et al. (2005) did not find a consistent isotopic difference in their study between the sugars in the leaf blades and phloem in P. vulgaris, they were unable to confirm or reject their hypothesis that fractionation during assimilate transport is the cause of observed differences between leaf and phloem carbon isotope abundances. Both Cernusak et al. (2009) and Gessler et al. (2008) present several hypotheses for the enrichment of phloem sap carbon and the observed magnitude across many plant species. This study supports the notion that carbon obtained from the phloem sap is enriched compared with that of leaf carbohydrates, and highlights the need to investigate the sensitivity of such processes and their putative role in observed changes in carbon isotope abundance under a range of environmental conditions. Whilst a change in isotope abundance from leaf to phloem tissues may arise from fractionation of the metabolite pool during export from the leaf, it may also arise via the loading of metabolites that differ in 13 C abundance compared with the whole-leaf soluble carbon pool. It has been proposed in a recent review from Cernusak et al. (2009) that respiratory processes may lead to variation in d
C of leaves and phloem tissues as leaves either respire 13 C-enriched CO 2 or heterotrophic tissues respire 13 C-depleted CO 2, leaving behind depleted or enriched carbon in the respective tissues. Studies have found that darkrespired CO 2 tends to be enriched by between 0 and 6% relative to leaf glucose and sucrose (Duranceau et al. 1999 . With recent progress in the measurement of compound-specific d 13 C as demonstrated here, patterns in d 13 C among metabolites might help to investigate the magnitude of such effects. Although dark-respired CO 2 was not measured in this study, it may influence d 13 C through the enrichment or depletion of the remaining soluble carbon pool. This process may help to explain to some extent why myo-inositol has a better correlation (R 2 = 0.31) between leaf and phloem pools compared with glucose and sucrose that are common substrates for respiration. Overall, our results both indicate the significance of phloem-loading processes for interpreting phloem sap-derived d 13 C and highlight the sensitivity of compound-specific d 13 C to growth conditions. Changes in growth conditions can give rise to significant changes in leaf chemistry as part of an overall stress response and have previously been shown to influence leaf-level d 13 C due to biochemical fractionation during synthesis (Farquhar et al. 1982) . Wingate et al. (2007) attributed the origin of depletion in the needle water-soluble organic matter fraction of their study on maritime pine, in part, to the large concentration of typically depleted sugar alcohols, including myo-inositol that accumulated during drought stress within the tissue. In the present study, treatment-specific changes in the concentration of metabolites were small; however, the magnitude of differences in 13 C abundance among pools differed by up to 6%. This finding highlights that the dynamics and sizes of the carbon pools measured have the potential to influence d 13 C and that this needs to be considered in evaluating plant-level responses to changes in environmental conditions. What may seem to be subtle differences in the carbon isotope abundance of metabolites will, if found at large enough concentrations, influence d 13 C at the tissue level. Overall the absence of detail surrounding the origin, magnitude and dynamics of post-photosynthetic fractionation is a major limitation to the reliable use of carbon isotopes obtained from heterotrophic tissues to predict physiological processes (Bowling et al. 2008 , Cernusak et al. 2009 ). This study has identified compound-specific differences in post-photosynthetic isotope abundance and the sensitivity of fractionation processes during movement into heterotrophic tissues under a range of environmental conditions.
Implications for predictions of water use efficiency WUE predictions using Equations 2 and 6 showed a consistent offset from measured intrinsic WUE (A/g s ) values (Fig. 7A) . In contrast, predictions of WUE based on concentration-weighted values of the metabolites measured in leaf or phloem tissues were closely aligned to intrinsic WUE (Fig. 7B, C) . The difference between predictions based on concentration-weighted values of the metabolites and the full carbon isotope model can probably be attributed to the parameterization of the model and the sensitivity of the model to d 13 C (Seibt et al. 2008) as plant parameters inferred from d 13 C might be sensitive to processes not directly included in the model (Farquhar et al. 1982) .
There are a number of recognized implications and inferred parameters applied within the model that may be problematic when interpreting its output (Seibt et al. 2008 ). In particular, as addressed earlier, the process of post-photosynthetic fractionation is not incorporated in the model and would be difficult to parameterize due to the lack of understanding surrounding the processes governing post-photosynthetic fractionation (Seibt et al. 2008 , Cernusak et al. 2009 ). Further, fractionation accounted for within the model rarely has agreed parameters (Seibt et al. 2008) . For instance, mesophyll conductance may vary in response to changes in temperature (Warren 2008) or changes in c i (Terwilliger 1997) , and dark respiration may influence d 13 C through the enrichment or depletion of the remaining carbon pool (Duranceau et al. 1999 . Similarly quantifying the fractionation of RuBisCO and phosphoenolpyruvate (PEP) carboxylase is extremely difficult (Farquhar et al. 1989) . Understanding the mechanism and magnitude of each process found in the model parameters is essential to ensure that the parameter is correct for input into the model. Differences may also be attributed to the model used to calculate mesophyll conductance. The model described by Warren (2008) for Eucalyptus regnans takes into account a number of factors, including the plant's photosynthetic rate, to calculate mesophyll conductance. While it is not unreasonable to apply a model formulated on E. regnans to data for P. vulgaris, particularly when inputs including photosynthetic rate are similar, it may have led to a proportion of the offset from the 1 : 1 line between predicted and measured results.
Little difference was found in WUE predictions between leaf and phloem tissues at a compound-specific level. For both leaf and phloem, the sugars sucrose, glucose and fructose overpredicted measured WUE compared with myo-inositol. This is probably due to the differences in metabolic demands and pathways between myo-inositol and the sugars detected (Popp et al. 1997) .
Despite slight differences in d 13 C between treatments, WUE did not appear to be sensitive to changes in environmental conditions. This was unexpected, as WUE tends to reflect differences in environmental status across short and long time scales (Seibt et al. 2008) . However, the lack of differences between the treatment and control predictions of WUE may have been a reflection of the plants' resistance to the environmental conditions applied in this study. These results were comparable with the figures obtained by Ehleringer et al. (1991) when converted to transpiration efficiency and across a broader range of plant types (Seibt et al. 2008, Nicotra and Davidson 2010) . In this study, plants may not have reached the threshold for inducing changes in WUE, or may lack the acclimation capacity to deal with changes during the treatment period. Further investigation, both under controlled environments and in the field, are clearly necessary for this important legume species.
The complex nature of predicting WUE using carbon isotopes will only be improved with increased understanding of the physiological processes represented by the model. While this study has gone to some trouble to outline possible processes that may influence predictions, further research is required in this area, particularly surrounding post-photosynthetic fractionation and the movement of carbon pools into the phloem stream. Increased understanding in this area will be essential to gain the knowledge required for the future development of rapid and reliable tools which will provide cost-effective and timely characterization of plant carbon and water exchange.
Pool sizes and fractionation of carbon isotopes during movement into and metabolism within heterotrophic tissues (i.e. the phloem) significantly influence 13 C abundance and appear sensitive to changes in environmental conditions. While compound-specific isotope abundances increase precision of WUE predictions, its use comes with a responsibility to consider the magnitude and dynamics of the carbon pool being measured. Doing so will allow for the continued development of tools that provide information on plant physiological performance relating to plant water use and allow land managers to make responsible decisions within production systems.
Materials and Methods

Experimental design
Phaseolus vulgaris seeds were germinated and raised in the controlled environment facility at the Centre for Carbon, Water and Food, Cobbitty, NSW, Australia. Phaseolus vulgaris was chosen as a model plant due to its large, relatively uniform leaves suitable for gas exchange and relatively known leaf chemistry based upon previous work. Plants were grown in 9 liter pots filled with a commercial potting mix containing 3 g l À1 of slow-release Osmocote Õ fertilizer (Scotts) and watered daily to field capacity. Temperature was maintained at 25 C, and relative humidity at 75%. A photoperiod of 14 h (08:00-22:00 h) with an average light intensity of around 250 mmol m À2 s À1 PAR (photosynthetically active radiation) was provided by a high-pressure sodium light source.
Upon initiation of flowering, 16 plants were each randomly assigned to four treatments of: well-watered control (watered to field capacity daily), water deficit (determined gravimetrically, plants receiving 20% of water used by well-watered plants), a combination of water deficit and elevated temperature (32 C daytime temperature) and a combination of water deficit, elevated temperature and high irradiance. Treatments were selected to impart stomatal and biochemical effects on the fractionation of carbon isotopes as they enter and are incorporated into plant components. For example, the primary influence of water deficit will reduce stomatal aperture and thus increase fractionation based upon relative gaseous diffusion of the different isotopes. For biochemical effects, light, water and temperature probably influence fractionation during processing and packaging of carbon among the photosynthetic reactions due to enzyme specificity or partitioning among metabolites. For the elevated temperature treatments, plants were moved to an identical growth chamber with ambient air temperature adjusted to 32 C. For elevated irradiance, plants were moved closer to the light source, thus receiving approximately 350 mmol m À2 s À1 PAR with a moderate corresponding increase in leaf temperature. Plants were subject to 14 d under water deficit and temperature treatments, and an additional 4 d under the high irradiance treatment before measurements began.
Leaf gas exchange measurements and water potential
Gas exchange for each treatment was measured on eight randomly selected plants using a LI-COR 6400 XT infra-red gas analyzer (LI-COR) for leaf-level photosynthesis from 08:00 to 17:00 h. Each plant was sequentially measured at least five times across the light period with a different fully expanded, nonshaded leaf chosen for measurement at each time point. Each leaf chosen was at a similar height within the canopy (within 5 cm variation of height). Measurements were performed on leaves that had expanded prior to the imposition of the treatment. Light conditions and CO 2 mole fraction of reference air were set to tracking mode, while temperature and relative humidity in the measuring chamber were maintained at treatment conditions (i.e. 25 or 32 C). The gas exchange system air intake was fitted with a buffer to avoid inadequate mixing of ambient CO 2 intake. Net CO 2 assimilation rate (A, mmol m À2 s À1 ) and stomatal conductance to water vapour (g s , mmol m À2 s
À1
) were logged and used to calculate the ratio c i /c a (where c i is the substomatal CO 2 concentration in mmol mol À1 and c a is the ambient atmospheric CO 2 concentration in mmol
). The daily integral of assimilation-weighted c i was calculated according to the method outlined in Cernusak et al. (2005) . Pre-dawn water potential was measured on one leaf per plant prior to illumination using a Scholander pressure chamber (Soil Moisture Equipment).
Leaf tissue and phloem sap collection
At 17:00 h on the day of the gas exchange measurements, approximately two leaf samples were taken from each individual plant and frozen at À80 C. Leaves collected for analysis were not those used for gas exchange. Phloem sap was collected according to previous methods (Gessler et al. 2004 , Merchant 2012 . The extraction procedure used probably contains some contamination from the extraction technique in the form of damaged cells during excision and leakage from the xylem tissues. In brief, phloem tissue samples were collected using a razor blade, placed into microtubes with ultra-pure water and incubated at 4 C for 2 h, after which stems were removed and the liquid frozen at À80 C.
Extractions of leaf material and phloem sap
Leaf samples for analysis were microwaved for 10 s using a conventional 900 W microwave oven (Breville) to prevent metabolic activity according to the method outlined in Popp et al. (1997) . Oven-dried leaf samples were then ground using an oscillating matrix mill (Retsch). Approximately 40 mg of ground leaf sample was then weighed into a 2 ml microtube and extracted in a methanol, chloroform and water (MCW) mix according to the protocol outlined in Merchant et al. (2006) . Leaf and phloem samples were deionized over a mixed bed resin (see Merchant et al. 2006 ) consisting of one part Dowex 1 Â 8 (anion exchange, Cl -form) and one part Dowex 50 W (cation exchange, formate form, Dow Chemical Company), and frozen awaiting analysis.
Analysis of carbon isotopes
Determination of compound-specific carbon isotope abundance and metabolite concentration was completed at the University of Vienna, where samples were resuspended in deionized water and measured using HPLC (Dionex) linked to a Delta V Advantage isotope ratio mass spectrometer (IRMS) (Thermo Electron) via a Finnigan LC IsoLink device (Thermo ElectronA; Krummen et al. 2004 ). Samples of metabolites were separated on a Nucleogel Sugar Pb column (Macherey-Nagel) at 80 C with 0.35 ml min -1 de-ionized water as eluent. Sodium persulfate (0.5 M) and phosphoric acid (1.7 M) were used at flow rates of 50 ml min -1 each as oxidant and acid for the Isolink device. The oxidation reactor was set at a temperature of 99.9 C. Excess O 2 was removed in a reduction furnace (see Hettmann et al. 2007 ). Standards ranging from -11 to -30% were referenced by EA/IRMS as pure chemicals, diluted to different concentrations and measured with the samples interspersed. d
13 C values were corrected by applying a multiple regression equation as in Wild et al. (2010) of the form: Modeling of carbon isotope abundance (d
C)
Predicted isotope values in plant components were calculated using the equation (Farquhar et al. 1989) :
where a is fractionation caused by gaseous diffusion through the stomata (4.4 %), b is the effective fractionation caused by carboxylating enzymes (approximately 29%), c i is the internal CO 2 concentration (calculated by LICOR 6400 software), c a is the atmospheric CO 2 concentration (set to 400 mmol mol -1 ), and d is a term combining fractionation during photorespiration, dark respiration and dissolution and diffusion from the gaseous phase to the chloroplasts. For relationships with measured d 13 C, assimilation-weighted c i was calculated see (Cernusak et al. 2005) to account for proportional changes in the contribution of photosynthesis to d 13 C across the course of the light period. This was achieved by the formula:
where A 1 and c i1 are the first observed A and c i respectively in the light period. To calculate the discrimination by plants for 12 C over 13 C, the d
13
C of the atmosphere inside the growth chamber was measured. Air was collected from the chamber using a picarro cavity ring down spectrometer (Picarro). Discrimination (Á) was calculated using the equation:
where d plant represents measured isotope abundance of target metabolites from leaf and phloem. The spectrometer was calibrated according to Thurgood et al. (2014) Calculations of water use efficiency (WUE)
Intrinsic WUE was calculated using the formula from Osmond et al. (1980) :
where A is equal to the photosynthetic rate (mmol m -2 s -1 CO 2 ) and g s is equal to the stomatal conductance (mmol m 2 s -1 H 2 O).
Modeled intrinsic WUE was calculated according to Seibt et al. (2008) originally formulated by Farquhar and Richards (1984) :
where the value 1.6 is the ratio of the diffusion rate between CO 2 and H 2 O across the stomatal cavity, and b 0 is the effective fractionation caused by carboxylating enzymes RuBisCO and PEP carboxylase (approximately 29%) that is assumed to equal that of b in Equation (2).
Statistical analysis
The effects of treatments on compound-specific d 13 C, concentration and postphotosynthetic fractionation were examined by analysis of variance (ANOVA) using GenStat 15th Edition (VSN International). Fisher's unprotected least significant difference (LSD) test was used to determine which treatment had significant effects on metabolites. Regression analysis including the line of best fit, regression equations and R 2 values for the relationship of carbon isotope abundance and WUE between leaf and phloem metabolites was determined using SigmaPlot (Systat Software Inc.).
